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NSF and AMPA Receptors Get Physical Minireview
(Figure 1; Rothman, 1994). This model proposes thatJerry W. Lin and Morgan Sheng*
the vesicle expresses a specific membrane proteinDepartment of Neurobiology
(v-SNARE) that binds toa cognate receptor on the targetHoward Hughes Medical Institute
membrane (t-SNARE). For synaptic vesicle exocytosis,Massachusetts General Hospital
the v-SNARE VAMP/synaptobrevin, an integral mem-and Harvard Medical School
brane protein of the synaptic vesicle, interacts with theBoston, Massachusetts 02114
t-SNAREs syntaxin and SNAP-25 on the presynaptic
membrane. These three proteins (the original and still
the best-characterized SNAREs) can associate via coiled-
Yeast two-hybrid screens can be exciting but risky fish- coil interactions in a stable ternary complex, the forma-
ing expeditions. You never know if you will land a big tion of which is proposed to underlie target-specific
one or pull up an old boot. Certainly, what you hook docking. NSF is recruited to this core complex via solu-
with your bait can be surprising. Three recent papers in ble NSF attachment proteins (SNAPs; no relation to
this and the July issue of Neuron use the two-hybrid SNAP-25) that can bind directly to the SNARE proteins
system to identify N-ethylmaleimide±sensitive fusion (SNARE derives from SNAP receptor). The resulting com-
protein (NSF) as a protein that binds specifically to the plex (the ª20S particleº) containing v-SNARE, t-SNAREs,
cytoplasmic tail of AMPA receptor subunit GluR2 (Nishi- SNAPs, and NSF is stable only in the absence of hydro-
mune et al., 1998; Osten et al., 1998; Song et al., 1998 lyzable ATP. ATP hydrolysis by NSF dissociates the 20S
[this issue of Neuron]). This interaction connects a pro- particle (Figure 1). In this sense, NSF can be regarded
tein well known in vesicle fusion with an ionotropic neu- as a chaperone-like molecule that uses an ATP energy
rotransmitter receptor that functions at postsynaptic source to reconfigure the tertiary/quaternary structure
sites. To understand the implications of these findings, of associated proteins. This energy-dependent disas-
it is necessary to introduce NSF, a protein that plays an sembly was proposed to drive fusion of the apposed
essential role in membrane vesicle trafficking. v-SNARE± and t-SNARE±containing membranes.
NSF and the SNARE Hypothesis Although the SNARE hypothesis was influential, spe-
The trafficking of vesicles between membrane-bound cific aspects of the original model have been updated.
compartments is a fundamental process that shapes the For instance, SNAREs may play a postdocking role in
morphological and biochemical topology of eukaryotic membrane fusion. With regard to NSF, it now seems
cells. Vesicles act as shuttles that distribute their cargo unlikely that ATP hydrolysis by NSF drives membrane
(which can be membrane bound or luminal) to distinct fusion. Recent studies (reviewed by Jahn and Hanson,
subcellular locations. A powerful combination of bio- 1998) suggest that NSF acts after the fusion step, partic-
chemical, genetic, pharmacological, and morphological ularly since artificial lipid bilayers incorporating only
studies have defined the basic molecular machinery that v-SNAREs or t-SNAREs can fuse with each other in vitro
underlies protein sorting by transport vesicles (for more (Weber et al. 1998). NSF may act after bilayer fusion to
comprehensive reviews, see Rothman, 1994; Rothman disassemble the entwined v- and t-SNAREs that are
and Wieland, 1996). These mechanisms are highly con- now associated in cis in the same membrane (of the
served from yeast to mammals and are similar at multi- target compartment). ATP hydrolysis by NSF would thus
ple membrane trafficking steps from the endoplasmic recock the t-SNARE for further vesicle docking and fu-
reticulum (ER) to the plasma membrane, including syn- sion and allow recycling of the v-SNARE. (The report by
aptic vesicle exocytosis. Neurobiology has contributed Littleton et al., 1998 [this issue of Neuron] provides in
greatly in this area because of the heavy bidirectional vivo support for this model of NSF function in presyn-
membrane traffic that occurs in the nerve terminal. Pre- aptic exocytosis). Evidence in a different v-SNARE/
synaptic exocytosis, in particular, has been well studied t-SNARE system (yeast vacuolar fusion) suggests that
because of the abundance of synaptic vesicles in the NSF can also act before membrane fusion, at a so-called
brain and the electrophysiological methods available for ªprimingº stage (Nichols et al., 1997). Although the exact
assaying synaptic vesicle fusion (reviewed by SoÈ llner relationship between ATP hydrolysis by NSF and mem-
and Rothman, 1994; Scheller, 1995; SuÈ dhof, 1995; Hay brane fusion remains uncertain, it is clear that NSF is
and Scheller, 1997). required for repeated cycles of fusion events (Littleton
In any transport stage, be it from ER to Golgi or from et al., 1998, and references therein). Moreover, there is
synaptic vesicle to presynaptic membrane, the final step wide agreement that NSF interacts with SNARE com-
in delivery of the vesicle cargo involves fusion of the plexes throughout the cell and that it has a universal
vesicle membrane with the membrane of the acceptor and critical role in vesicle fusion in constitutive secretory
or target compartment. Although the mechanistic details pathways as well as in regulated exocytosis.
of vesicle fusion remain to be worked out, it is clear that AMPA Receptors Bind NSF
the ATPase NSF plays a key role in this process. Much AMPA receptors are a class of ionotropic glutamate
receptors that mediate fast synaptic transmission. Com-of the current thinking about NSF function in vesicle
posed of subunits GluR1±GluR4, AMPA receptors aretrafficking has evolved from the SNARE hypothesis
concentrated at postsynaptic sites in excitatory syn-
apses. In pyramidal neurons, most if not all AMPA recep-
tors contain GluR2. Given that AMPA receptors and NSF*To whom correspondence should be addressed.
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Figure 1. A Current Model of Vesicle Docking and Fusion
Membrane proteins termed v-SNAREs are located on transport vesicles and bind specific t-SNARE partners in the target membrane. The
interaction of cognate pairs of v- and t-SNAREs mediates docking and/or fusion of vesicles at the acceptor membrane. NSF and SNAP are
recruited to form a 20S complex that is stable in the absence of hydrolyzable ATP. NSF hydrolyzes ATP and disassembles the 20S complex,
thereby liberating its components for additional cycles of membrane fusion. As depicted, ATP hydrolysis by NSF may occur after membrane
fusion. Alternatively, NSF may also act at a ªprimingº stage prior to docking. Many of the mechanistic details of vesicle docking and fusion
remain to be elucidated.
come from different backgrounds, their marriage in a neurons (Nishimune et al., 1998; Song et al., 1998). Simi-
lar results were obtained by postsynaptic loading ofbiochemical complex is quite unexpected.
The binding site for NSF maps to a short segment in a monoclonal antibody against NSF (Nishimune et al.,
1998). While these findings suggest a role for NSF inthe membrane-proximal region of the cytoplasmic tail
of GluR2, distinct from the very C-terminal domain that regulating postsynaptic AMPA receptors, they do not
argue cleanly for a direct interaction between NSF andinteracts with the PDZ protein GRIP (Dong et al., 1997).
Immunoprecipitation experiments (Osten et al., 1998; GluR2, since both peptide and antibody can bind NSF
and may interferewith its activity throughout the injectedSong et al., 1998) demonstrate that NSF and GluR2 exist
in a complex in brain extracts, associated not only with cell. In general, these electrophysiological experiments
are reminiscent of the recent study by Lledo et al. (1998).each other but also with a- and b-SNAPs. Of greater
significance is that this complex is stable in the presence These investigators were able to inhibit the induction of
LTP in hippocampal neurons by postsynaptic injectionof nonhydrolyzable ATPgS but not in the presence of
Mg-ATP (Osten et al., 1998). Thus, the GluR2±NSF± of N-ethylmaleimide (NEM) or a SNAP-derived peptide,
both inhibitors of NSF activity. Postsynaptic applicationSNAP complex resembles the SNARE±NSF±SNAP com-
plex in being disassembled by ATP hydrolysis. Although of botulinum toxin, a protease that cleaves and inacti-
vates the v-SNARE synaptobrevin, also blocked LTP.the GluR2±NSF complex includes SNAP proteins, the
obvious contrast with the classical 20S particle is that Furthermore, postsynaptic loading of SNAP enhanced
excitatory synaptic transmission, suggesting that syn-NSF can bind directly to the GluR2 C-terminal tail inde-
pendently of SNAPs. aptic strength can be boosted by a SNAP-dependent
mechanism and that SNAP may be a limiting componentIn complementary electrophysiological experiments,
interfering peptides corresponding to the NSF binding of such a mechanism. By implicating NSF, SNAP, and
other components of the membrane fusion machinery,site on GluR2 cause a rapid rundown in the amplitude
of AMPA receptor excitatory postsynaptic currents these electrophysiological studies point to a role for
postsynaptic membrane fusion events in the regulation(EPSCs) when injected into postsynaptic hippocampal
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of synaptic transmission (Lledo et al., 1998; Nishimune biochemistry needs to be done to clarify these is-
suesÐin particular, whether NSF±SNAP binding affectset al., 1998; Song et al., 1998).
the interaction of GluR2 with GRIP.Models of NSF±SNAP Action on AMPA Receptors
In Vivo SignificanceMost studies of membrane trafficking in neurons have
While the above speculations are intriguing, a questionnaturally been directed toward the presynaptic terminal.
remains about the functional relevance of the GluR2±Nevertheless, it would be reasonable to assume that
NSF interaction in vivo. AMPA receptors lacking GluR2similar (albeit less conspicuous) exocytotic and endocy-
are expressed on the cell surface, and GluR2 knockouttotic mechanisms operate on the other side of the syn-
mice have functional AMPA receptors in hippocampalapse to regulate theprotein composition of postsynaptic
synapses (although EPSCs are reduced in size; Jia etmembranes. In fact, recent interest in postsynaptic
al., 1996). Thus, if the GluR2±NSF interaction is involvedmembrane trafficking hasbeen heightened by theªsilent
in GluR2 trafficking to the postsynaptic membrane, itsynapseº concept, in which synaptic strength is en-
cannot be the only mechanism for surface insertion ofhanced via an all-or-none upregulation of AMPA recep-
AMPA receptors. The GluR2-deficient mouse may betors, perhaps by insertion of receptors into the postsyn-
useful for analyzing the possible roles of the NSF±AMPAaptic plasma membrane (reviewed by Malenka and
receptor interaction in postsynaptic membrane traffick-Nicoll, 1997). With this background in mind, the most
ing or AMPA receptor regulation.intriguing aspect of these latest papers is the possible
Circumstantial in vivo support for a postsynaptic func-connection between the GluR2±NSF±SNAP interaction
tion for NSF comes from the massive accumulation ofand regulation of postsynaptic AMPA receptors. The
NSF in the postsynaptic density fraction following cere-picture is far from clear, but assuming that GluR2 is a
bral ischemia (Hu et al., 1998). Is this correlated withreal binding partner for NSF and SNAPs in vivo, we
increased turnover of AMPA receptors and postsynapticcan speculate about the physiological meaning of this
membranes? Does it occur in more physiological condi-interaction.
tions? As for AMPA receptors, they are certainly appro-GluR2 As a SNARE Protein? Given its properties as a
priately located to participate in postsynaptic mem-membrane protein that binds to NSF and SNAPs in an
brane fusion events, and the possibility of a subsynapticATP-dependent fashion, GluR2 might attract specula-
pool of receptor subunits has been raised by ultrastruc-tive attention as a candidate SNARE protein. This seems
tural studies (Richmond et al., 1996). It will be importantunlikely, however, as GluR2 fits poorly (if at all) into the
to characterize the nature of these subsynaptic mem-conventional views of SNARE structure and function.
brane compartments and to visualize directly the post-GluR2 does not contain the coiled-coil domains that are
synaptic trafficking of AMPA receptor±containing ves-characteristic of vesicle trafficking SNARE proteins and
icles.required for SNARE function. Furthermore, GluR2 lacks
Concluding Commentsa specific high affinity binding partner (its complemen-
The studies highlighted here report a novel and intrigu-tary SNARE). Whether or not there is a cognate SNARE
ing interaction between a postsynapticglutamate recep-for GluR2, it will be critical to characterize the other
tor and key molecules of the vesicle transport machinery.protein(s) in the GluR2±NSF±SNAP complex to under-
Much needs to be done to confirm the authenticity ofstand the functional significance of NSF binding to AMPA
this protein±protein interaction in vivo and to elucidatereceptors.
its physiological significance in neurons. Nevertheless,NSF As a Chaperone Protein for AMPA Receptors. If
together with the emerging evidence for silent synapses,GluR2 is not a conventional vesicle trafficking SNARE,
these and other studies (Lledo et al., 1998) suggest an
what more tenable role for NSF can be inferred from its
unexpected degree of plasticity of the postsynaptic
physical interaction with GluR2? NSF uses ATP energy
membrane that could be regulated by vesicle fusion or
to alter the structure of its associated proteins and dis-
other NSF-mediated events.
mantle the SNARE complex. Thus, NSF can be function-
ally defined as a chaperone that mediates the unfolding Selected Reading
and refolding of proteins with which it interacts. It is
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